Introduction {#s1}
============

In recent years, quantitative genetic approaches in the nematode *Caenorhabditis elegans* have identified quantitative trait genes (QTGs) for a diverse set of phenotypes [@pgen.1004156-Rockman1]--[@pgen.1004156-Kammenga1]. While a few studies have employed genome-wide association mapping in wild isolates [@pgen.1004156-Ghosh1], [@pgen.1004156-Andersen1], [@pgen.1004156-Rockman2], most have relied on linkage mapping in recombinant inbred lines from crosses between the common laboratory strain, N2, and a wild strain from Hawaii [@pgen.1004156-GAERTNER2]. N2, also called "Bristol" after the site of its original collection from the wild, was isolated around 1951. For the next 18 years, this strain was propagated in the laboratory for hundreds of generations, which likely led to adaptation to the laboratory environment [@pgen.1004156-McGrath1]. Therefore, the use of the Bristol strain as a parent in recombinant inbred line panels may be expected to result in the identification of variants selected during laboratory adaptation. Indeed, the use of a laboratory-adapted strain in mapping panels has led to the identification of pleiotropic laboratory-derived variants in the classic model organisms *S. cerevisiae* [@pgen.1004156-Yvert1], [@pgen.1004156-Brem1] and *A. thaliana* [@pgen.1004156-vanZanten1]. Variants specific to laboratory strains may be expected to show large and widespread phenotypic effects when traits related to fitness are measured in the same laboratory environment in which they were selected.

Here, we take advantage of an advanced intercross recombinant inbred line (RIAIL) panel from a cross between N2 and the Hawaii strain CB4856 [@pgen.1004156-Rockman2] to identify the genetic basis of differences in lifetime fecundity, adult body size, susceptibility to an opportunistic human pathogen, and hundreds of gene expression traits. We use nearly isogenic lines (NILs) and loss-of-function alleles to show that the causative gene underlying a major QTL for all these traits is the neuropeptide receptor *npr-1*, which harbors a laboratory-derived variant in the Bristol strain [@pgen.1004156-McGrath1], [@pgen.1004156-Rockman2].

The version of the neuropeptide receptor NPR-1 found in the Hawaii strain responds to a single neuropeptide named FLP-21 [@pgen.1004156-Rogers1]. By contrast, the variant in NPR-1 found in the Bristol strain causes an abnormal gain-of-function phenotype in which NPR-1 responds to FLP-21 and an additional unrelated neuropeptide FLP-18. McGrath and colleagues found that the variant of *npr-1* found in the Bristol strain was selected sometime during laboratory propagation of the Bristol strain before long-term storage in 1969 [@pgen.1004156-McGrath1]. All known wild nematode species, including all *bone fide* wild *C. elegans* strains, have the Hawaii version of NPR-1 that responds to FLP-21 [@pgen.1004156-Rockman2], [@pgen.1004156-deBono1]. The abnormal response to the unrelated neuropeptide found only in the Bristol strain creates a hyperactive neural circuit through the RMG interneuron [@pgen.1004156-Macosko1]. This abnormal circuit alters a wide variety of behaviors, including aggregation, aerotaxis, ethanol tolerance, hermaphrodite leaving, responses to nematode pheromones, sleep-like states, and avoidance of carbon dioxide, heat, and pathogen [@pgen.1004156-Bendesky1], [@pgen.1004156-McGrath1], [@pgen.1004156-Glauser1], [@pgen.1004156-deBono1]--[@pgen.1004156-Choi1]. We show that the physiological consequences of *npr-1* variation are mediated by alteration of aerotaxis behavior. In this behavior, Bristol animals no longer seek lower oxygen levels when consuming bacterial food [@pgen.1004156-Chang1]. By contrast, normal wild-type *C. elegans* strains (like Hawaii) aggregate in the low oxygen regions at the edge of the bacterial lawn. This differential exposure to food during growth and development ultimately leads to differences in adult body size, fecundity, and physiology of *C. elegans*. These results illustrate the wide-ranging consequences of some laboratory-derived alleles and expand our understanding of the molecular basis and mechanism of pleiotropy.

Results {#s2}
=======

The Bristol and Hawaii strains differ in lifetime fecundity, adult body size, and response to pathogens {#s2a}
-------------------------------------------------------------------------------------------------------

The N2 strain from Bristol, England and the CB4856 strain from Hawaii, U.S.A. differ significantly in many traits [@pgen.1004156-GAERTNER2]. We phenotyped these two strains for lifetime fecundity and adult body size. The Bristol strain had more offspring and grew larger than the Hawaii strain when grown in standard laboratory conditions ([Figures 1A and B](#pgen-1004156-g001){ref-type="fig"}). Additionally, we found that the growth difference between the Bristol and Hawaii strains is present from the first larval stage through adulthood ([Figure S1](#pgen.1004156.s001){ref-type="supplementary-material"}). We previously identified a difference in susceptibilities to the opportunistic human pathogen *Pseudomonas aeruginosa* between the Bristol and Hawaii strains [@pgen.1004156-Reddy1]. We extended this study to measure susceptibility to another human pathogen, the gram positive bacterium *Staphylococcus aureus*. Notably, the Bristol strain survived longer than the Hawaii strain when exposed to *S. aureus*, much like we had observed with *P. aeruginosa* ([Figures 1C](#pgen-1004156-g001){ref-type="fig"} and [S2](#pgen.1004156.s002){ref-type="supplementary-material"}). These phenotypic differences between the Bristol and Hawaii parents gave us the opportunity to identify the genetic variants that alter lifetime fecundity, adult body size, and resistance to *S. aureus*.

![Phenotypic distributions of three quantitative traits for the Bristol and Hawaii parents along with the RIAILs.\
Box plots show the phenotypic distributions of the two parents (Bristol in orange and Hawaii in blue) and the recombinant inbred lines (RIAILs, dark gray) for lifetime fecundity (**A**), the length of adult animals (**B**), and the LT50 distribution after exposure to *S. aureus* (**C**). For each comparison between Bristol and Hawaii, the phenotypes are significantly different by Tukey\'s HSD with each *p*-value less than 2E-16.](pgen.1004156.g001){#pgen-1004156-g001}

Linkage mapping defines a single QTL controlling diverse phenotypic traits {#s2b}
--------------------------------------------------------------------------

To identify these genetic variants, we scored a collection of advanced intercross recombinant inbred lines (RIAILs) that are mixtures of the Bristol and Hawaii genomes [@pgen.1004156-Rockman2]. For all three traits, the phenotypic distributions of the RIAILs were closer to the mean parent phenotype of the Hawaii strain ([Figure 1](#pgen-1004156-g001){ref-type="fig"}). Broad-sense heritability was 52% for adult fecundity, 57% for adult body size, and 72% for *S. aureus* sensitivity (see Methods). Next, we used linkage analysis to identify quantitative trait loci (QTL) that underlie the observed phenotypic differences. One or two significant QTL were detected for each trait ([Figure 2](#pgen-1004156-g002){ref-type="fig"}). Remarkably, each of the three traits was influenced by a QTL in a shared region on chromosome X (QTL~X~). The confidence intervals for the location of these QTL~X~ overlapped substantially ([Table 1](#pgen-1004156-t001){ref-type="table"}). Lifetime fecundity and adult body size also mapped to other QTL, respectively on chromosomes II and V. No other significant QTL were detected (see Methods). Statistical power calculations using 150 RIAILs show that 80% of QTL that account for 20% of phenotypic variance should have been detected. The detected QTL explained 18% to 33% of broad-sense heritability (adult fecundity: QTL~X~ = 28%, QTL~II~ = 18%; adult body size QTL~X~ = 23%, QTL~V~ = 23%; *S. aureus* sensitivity: QTL~X~ = 33%). Therefore, the detected QTL likely represent most, if not all, of the large-effect QTL controlling these quantitative traits.

![Linkage mapping results for lifetime fecundity, adult body size, and susceptibility to *S. aureus.*\
Linkage mapping results of the three traits are shown with genomic position (Mb) on the x-axis and LOD score on the y-axis. Each chromosome is in its own box labeled on top of the box. From top to bottom, the traits mapped are the lifetime fecundity, the mean length of adult animals, and the LT50 after exposure to *S. aureus*. The number of recombinant inbred lines (RIAILs) phenotyped are shown on the left of each plot. The dotted lines are the significance thresholds (genome-wide false positive rate of 0.05). The vertical red line is the position of the gene *npr-1*.](pgen.1004156.g002){#pgen-1004156-g002}
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###### Attributes for all significant quantitative trait loci are described.

![](pgen.1004156.t001){#pgen-1004156-t001-1}

  Trait                            Broad-sense heritability (SE)   QTL   Chromosome   Variance explained   Confidence interval  
  ------------------------------- ------------------------------- ----- ------------ -------------------- --------------------- ---------
  Lifetime fecundity                          52%±12%               1        X               28%                 4571085         7743234
  Lifetime fecundity                          52%±12%               2        II              18%                 2601221         3576981
  Adult body size                             57%±23%               1        X               23%                 4571085         5877800
  Adult body size                             57%±23%               2        V               23%                 4296831         8498661
  Susceptibility to *S. aureus*               71%±11%               1        X               33%                 4753766         5414458

*npr-1* is the causal gene underlying differences in the three traits {#s2c}
---------------------------------------------------------------------

The overlapping confidence intervals of the QTL on the X chromosome contain the gene *npr-1*. Given that variation in *npr-1* is known to cause phenotypic differences in multiple other traits [@pgen.1004156-Bendesky1], [@pgen.1004156-McGrath1], [@pgen.1004156-Glauser1], [@pgen.1004156-deBono1]--[@pgen.1004156-Choi1], we sought to determine whether variation in *npr-1* also caused differences in the three traits described here. To narrow each QTL on the X chromosome, we took advantage of two nearly isogenic lines (NILs or congenics) in which the genome is derived from one strain background, except for a small region of the X chromosome that is derived from the other strain. The *qgIR1* NIL is Bristol throughout its genome and Hawaii for a portion of the QTL~X~ confidence interval. The *kyIR9* NIL is Hawaii throughout its genome and Bristol for a portion of the QTL~X~ confidence interval. We did two comparisons that test the *npr-1* interval for causality in each of the three traits: we compared the Bristol parent to *qgIR1* and the Hawaii parent to *kyIR9* ([Figure 3](#pgen-1004156-g003){ref-type="fig"}).

![Phenotypic distributions of three quantitative traits for the parents, nearly isogenic lines, and *npr-1* mutants.\
Box plots show the summary phenotype data of the two parents (Bristol in orange and Hawaii in blue), the two nearly isogenic lines (*kyIR9* in orange and *qgIR1* in blue), and the two independent *npr-1 loss-of-function alleles (npr-1(ad609) and npr-1(ky13) in red). From left to right, the lifetime fecundity (**A**), the mean length of adult animals (**B**), and the LT50 distribution after exposure to S. aureus (**C**). Below each plot are two boxes. The top box denotes the npr-1 genotype: laboratory-derived NPR-1V from Bristol in orange, ancestral wild-type NPR-1F from Hawaii in blue, or loss-of-function allele from Bristol in red. The bottom box denotes the genome-wide genotype: Bristol in orange and Hawaii in blue. Statistical significance was tested using Tukey\'s HSD. For (**A**), the qgIR1 strain has significantly fewer offspring than the Bristol strain (p = 0.003) does, and the kyIR9 strain has significantly more offspring than the Hawaii strain (p = 0.0059) does. The Hawaii strain, qgIR1, and the two npr-1 loss-of-function alleles do not have significantly different numbers of offspring. The same is true for the Bristol strain and kyIR9. For (**B**), the qgIR1 strain is significantly smaller than the Bristol strain (p = 0.00148), and the kyIR9 strain is significantly larger than the Hawaii strain (p = 6E-5). The Hawaii strain, qgIR1, and the two npr-1 loss-of-function alleles do not have significantly different lengths. The same is true for the Bristol strain and kyIR9 introgression strain.*](pgen.1004156.g003){#pgen-1004156-g003}

For lifetime fecundity, the Bristol parent had a mean brood size of 236 offspring compared to 177 offspring in the *qgIR1* NIL that contains the Hawaii version of *npr-1*. This comparison shows that the Hawaii version of the introgressed region causes a 25% decrease in fecundity. The Hawaii parent had a mean brood size of 160 offspring, compared to 206 offspring in the *kyIR9* NIL that contains the Bristol version of *npr-1*. This comparison shows that the Bristol version of the introgressed region causes a 29% increase in fecundity. Both of these comparisons were significant using Tukey\'s HSD test, with *p* = 0.0003 and *p* = 0.0059, respectively. The RIAILs with the Bristol allele at the most significantly linked marker had a mean brood size of 195 offspring, compared to 146 offspring for the RIAILs with the Hawaii allele, indicating that in the linkage mapping experiment the Hawaii allele caused a 25% decrease in fecundity. Thus, the fecundity differences between the NILs closely matched the phenotypic effect observed in the RIAILs.

For adult body size, the Bristol parent had a mean body length of 654 µm, compared to 604 µm in the *qgIR1* NIL. This comparison shows that the Hawaii version of the introgressed region causes an 8% decrease in adult body size. The Hawaii parent had a mean body length of 587 µm, compared to 646 µm in the *kyIR9* NIL. This comparison shows that the Bristol version of the introgressed region causes a 10% increase in adult body length. Both of these comparisons were significant using Tukey\'s HSD test, with *p* = 0.00148 and *p* = 6E-5, respectively. The RIAILs with the Bristol allele at the most significantly linked marker had a mean body length of 619 µm, compared to 578 µm for the RIAILs with the Hawaii allele, indicating that in the linkage mapping experiment the Hawaii allele caused a 7% decrease in mean body length. Just as with lifetime fecundity, the mean body length differences between the NILs closely matched the phenotypic effect observed in the RIAILs.

For susceptibility to *S. aureus*, the Bristol parent had a mean LT50 of 47 hours, compared to 34 hours in the *qgIR1* NIL. This comparison shows that the Hawaii version of the introgressed region causes a 28% reduction in survival after exposure to *S. aureus*. The Hawaii parent had a mean LT50 of 30 hours, compared to 26 hours in the *kyIR9* NIL. Unexpectedly, this comparison shows that the Bristol version of the introgressed region causes a 13% reduction in survival after exposure to *S. aureus*. We expected that the *kyIR9* NIL with the QTL region derived from the Bristol strain would be more resistant than the Hawaii strain. We believe that we observed this difference for two reasons: (1) the *kyIR9* NIL is slower and more uncoordinated than the *qgIR1* NIL (R. Ghosh and L. Kruglyak, unpublished results) and spends more time on the deadly pathogen lawn, and (2) Hawaii alleles at other loci may interact with Bristol alleles of genes in this NIL region to make the animals more susceptible to *S. aureus*. The RIAILs with the Bristol allele at the most significantly linked marker had a mean LT50 of 41 hours, compared to 18 hours for the RIAILs with the Hawaii allele, indicating that in the linkage mapping experiment the Hawaii allele caused a 56% decrease in the mean LT50. This effect was much larger than observed using the NILs, consistent with a putative genetic interaction between this locus and the Hawaii background.

The NIL results indicate that the smallest region covered by the two NILs likely contains the gene with a causal role in the three phenotypic differences. The *qgIR1* NIL has the smallest introgressed region, with seven genes from the Hawaii strain in an otherwise Bristol genetic background. Of these seven genes, only *npr-1* and *R08E3.3* have non-synonymous changes (comparison to WS210 sequence), and only *R08E3.3* has a local gene expression QTL [@pgen.1004156-Rockman1]. We focused our analyses on these two genes. RNAi knockdown or deletion of *R08E3.3* does not affect fecundity, body size, and movement, nor cause any other obvious phenotypic effect [@pgen.1004156-Yook1], [@pgen.1004156-Kamath1]. For this reason, we tested the role of *npr-1* in lifetime fecundity, adult body size, and susceptibility to *S. aureus*.

To determine whether variation in the gene *npr-1* causes these phenotypic differences, we used two independent loss-of-function alleles of *npr-1*, *ad609* and *ky13*, derived in the Bristol genetic background. These two putative null alleles remove the dominant novel activity of *npr-1* from the Bristol strain, and each strain behaves like the Hawaii strain by aggregating in regions of low oxygen at the edge of bacterial lawn [@pgen.1004156-deBono1]. For each of the three traits, the *npr-1* loss-of-function alleles had similar phenotypes to the Hawaii parent, with effect sizes nearly matching those observed in the NILs ([Figure 3](#pgen-1004156-g003){ref-type="fig"}). Therefore, variation in *npr-1* is the cause of these large phenotypic differences observed between the Bristol and Hawaii strains.

*npr-1*-mediated aggregation causes drastic effects on the growth and physiology of *C. elegans* {#s2d}
------------------------------------------------------------------------------------------------

The laboratory-derived allele of *npr-1* present in Bristol causes animals to disperse across the *E. coli* bacterial lawn, whereas wild *C. elegans* strains aggregate at the edges of the bacterial lawn. This aggregation behavior is caused by a preference for low oxygen found in natural strains of *C. elegans*, and the edge of the bacterial lawn has a low oxygen concentration of approximately 10% [@pgen.1004156-Chang1]. By contrast, the rest of the agar plate and bacterial lawn have an oxygen concentration of approximately 21% oxygen. When the Hawaii strain is reared at 10% oxygen, it behaves like the Bristol strain and spreads out across the bacterial lawn because there is no longer a difference in oxygen concentration across the plate environment [@pgen.1004156-Reddy1]. Previously, we showed that this oxygen preference behavior mediates differences in survival after exposure to *P. aeruginosa* [@pgen.1004156-Reddy1]. We hypothesized that this "isolation" behavior also mediates the trait differences observed in this study.

In order to determine whether the oxygen preference behavior also controlled lifetime fecundity, adult body size, and susceptibility to *S. aureus*, we needed to reliably assay these traits at both 21% and 10% oxygen concentrations. The oxygen chamber had different humidity and temperature conditions than the standard *S. aureus* assay conditions, which altered the experimental results. Thus, we did not assay susceptibility to *S. aureus* at low oxygen concentration. For lifetime fecundity and adult body size assays, we raised the Bristol and Hawaii parent strains along with the *npr-1* loss-of-function strain *npr-1(ad609)* in either ambient (21%) or low (10%) oxygen while consuming *E. coli* bacteria (see Methods). The reductions in lifetime fecundity observed in the Hawaii and *npr-1(ad609)* strains as compared to the Bristol strain were completely abrogated by rearing the animals at 10% oxygen ([Figure 4A](#pgen-1004156-g004){ref-type="fig"}). Shifting the oxygen concentration was sufficient to increase the Hawaii brood size by 20% and the *npr-1(ad609)* brood size by 32%. The effect of *npr-1* on this trait was thus eliminated by lowering the oxygen concentration and making animals disperse across the bacterial lawn. For adult body size, animals reared at 10% oxygen were significantly longer, and the reductions in mean body length observed in the Hawaii and *npr-1(ad609)* strains as compared to the Bristol strain were completely eliminated ([Figure 4B](#pgen-1004156-g004){ref-type="fig"}). The Hawaii and *npr-1(ad609)* strains increase mean body length 18% and 19%, respectively, when compared to growth at 21% oxygen. To further test whether these differences in fecundity and body size are mediated by oxygen concentration differences, we tested whether loss of the oxygen-sensing gene *gcy-35*, which can suppress the aggregation behavior of *npr-1(ad609)* mutants [@pgen.1004156-Cheung1], [@pgen.1004156-Gray1], can suppress the fecundity and body size defects as well. We observed that *gcy-35(ok769); npr-1(ad609)* double mutants had significantly more offspring (*p* = 0.005) and grew significantly larger (*p* = 0.0001) than *npr-1(ad609)* single mutants ([Figures 4C and D](#pgen-1004156-g004){ref-type="fig"}).

![The effects of aerotaxis behaviors on lifetime fecundity and adult body size.\
The oxygen avoidance behavior mediated by *npr-1* is necessary for alterations in lifetime fecundity (**A**) and adult body size (**B**). The box plots show summary data from assays performed at 21% ambient oxygen (left) versus 10% oxygen (right). At 10% oxygen, the Hawaii strain no longer clumps and borders instead spreading out across the entire surface of the agar plate while consuming bacterial food. At this lower oxygen level, the Hawaii strain and a *npr-1* loss-of-function allele do not have statistically different lifetime fecundities (*p* = 0.37 and *p* = 0.07) from the Bristol strain. Adult body size is not significantly different between Bristol and Hawaii (*p* = 0.31) but is different between Bristol and *npr-1(ad609)* (*p* = 0.003). However, the large increase in adult body size by oxygen concentration suggests that clumping largely influences this trait. A mutation that causes failure to sense oxygen, *gcy-35(ok769)*, suppresses the lifetime fecundity (**C**) and adult body size (**D**) defects of *npr-1(ad609)*. The double mutant *gcy-35(ok769); npr-1(ad609)* has significantly more offspring than the *npr-1(ad609)* single mutant (*p* = 0.005) and grows significantly larger than the *npr-1(ad609)* single mutant (*p* = 0.0001). All statistical significance was assessed by Tukey\'s HSD test.](pgen.1004156.g004){#pgen-1004156-g004}

The results of the oxygen experiments described above suggest that aggregation causes significant reductions in growth and offspring production. Aggregation is dependent on the density of animals grown on agar plate cultures [@pgen.1004156-deBono1], [@pgen.1004156-Macosko1]. At low culture density of 125 animals per 10 cm agar plate, the Hawaii strain does not aggregate. By contrast, at high culture density of 400 animals per 10 cm agar plate, that strain readily aggregates at the edge of the bacterial lawn. To test whether differences in lifetime fecundity and adult body size between the Bristol and Hawaii strains depend on aggregation, we cultured animals at low (125), normal (1500), and high (4000) density ([Figure 5](#pgen-1004156-g005){ref-type="fig"}). At low density, the Hawaii strain has more offspring and grows 7% larger than when reared at normal density. At high density, the Hawaii strain has approximately the same number of offspring and grows only 3% smaller than when grown at normal density. These results suggest that strains consuming standard *E. coli* bacterial food in large aggregates grow smaller and are less fecund than strains that do not grow in such aggregates.

![Population density directly impacts lifetime fecundity and adult body size.\
Box plots for Bristol (orange) and Hawaii (blue) strains are shown for low, normal, and high densities of 125, 1500, or 4000 animals per 10 cm agar plate, respectively. (**A**) Decreased culture density caused a significant increase in fecundity (*p* = 1.3E-4) of the Hawaii strain from 198 to 280 offspring. By contrast, increased culture density did not cause a significant difference (*p* = 0.95) in fecundity of the Hawaii strain. (**B**) Decreased culture density (125 vs. 1500 animals) caused a significant increase in adult body size (*p* = 2E-16) of the Hawaii strain from 606 µm to 649 µm. By contrast, increased culture density (4000 vs. 1500 animals) caused a significant decrease (*p* = 2E-16) in adult body size of the Hawaii strain from 606 µm to 583 µm.](pgen.1004156.g005){#pgen-1004156-g005}

Aggregation likely causes chronic underfeeding, which affects expression of signaling pathways and animal growth {#s2e}
----------------------------------------------------------------------------------------------------------------

One promising approach to connect DNA sequence variation to phenotypic variation is analysis of gene expression QTL (eQTL) [@pgen.1004156-Rockman3]. Expression traits can implicate a known pathway in the physiological process that is altered by the variant and provide insight into how the variant causes phenotypic differences. Previously, we mapped thousands of eQTL between the Bristol and Hawaii strains [@pgen.1004156-Rockman1]. A reanalysis of these data (see Methods) detected significant eQTL (false discovery rate = 5%) for 247 gene expression traits with confidence intervals that overlapped *npr-1* ([Figure 6A](#pgen-1004156-g006){ref-type="fig"} and [Table S1](#pgen.1004156.s003){ref-type="supplementary-material"}). To determine whether differences in the function of *npr-1* cause these gene expression differences, we profiled gene expression in the Bristol parent strain, the *qgIR1* NIL (with the Hawaii version of *npr-1* in a Bristol genetic background), and the predicted *npr-1* loss-of-function allele *ad609*. The gene expression differences between the Bristol strain and the NIL or the Bristol strain and the predicted null allele should largely depend on *npr-1*. We estimated the *npr-1* effects by fitting a linear model to the gene expression traits of these three strains (see Methods). Then, we compared the effect of the altered *npr-1* function to the effect observed in the RIAILs ([Figure 6B](#pgen-1004156-g006){ref-type="fig"}). We observed high correlations between the gene expression effects from altered *npr-1* function (observed in the NIL or the loss-of-function allele) and the RIAIL effects for transcripts linked to the *npr-1* locus. The regression slope was 1.82 (rho = 0.83), indicating a strong positive relationship. Thus, polymorphism in *npr-1* is the major contributor to the gene expression differences observed for these 247 genes. These genes are significantly enriched for several gene ontology (GO) classes: neuropeptide and insulin signaling, transferring hexosyl groups (central carbon metabolism), and metabolic process ([Table S1](#pgen.1004156.s003){ref-type="supplementary-material"}), suggesting that growth rate is one of the major physiological effects of altered *npr-1* function and aggregation behaviors.

![*npr-1* underlies many expression QTL and could cause chronic low-level starvation. (A)\
The physical positions of gene expression QTL 95% confidence intervals on the X chromosome (Mb) on the x-axis are plotted against the physical genomic location of the transcript (Mb) on the y-axis. Triangles indicate the position of the maximum LOD score for that QTL. Blue horizontal bars denote confidence intervals that overlap with the physical position of *npr-1* (shown as a red vertical line). Gray horizontal bars denote confidence intervals that do not overlap with the physical position of *npr-1*. (**B**) Scatterplot of the locus effect from the eQTL mapping versus the effect of *npr-1* for the 247 genes with eQTL confidence intervals overlapping *npr-1*. Each point represents a transcript. The blue line is the best fit by linear regression. The dotted black line indicates y = x. The slope of the regression line is 1.82 (95% CI 1.72--1.91) with a correlation of 0.83 (59% variance explained). (**C**) Scatterplot of the effect of starvation versus the effect of *npr-1* for the 247 genes with eQTL confidence intervals overlapping *npr-1*. Symbols and lines as in (B). The slope of the regression line is 0.76 (95% CI 0.68--0.84) with a correlation of 0.61 (28% variance explained).](pgen.1004156.g006){#pgen-1004156-g006}

Reduced food availability or starvation is sufficient to decrease growth rates and fecundity in a variety of organisms, including *C. elegans* [@pgen.1004156-Seidel3]. We hypothesized that the Hawaii strain might be chronically underfed, because in large aggregates bacterial food is depleted locally. To test this hypothesis, we obtained data on gene expression differences observed between starved and well fed Bristol animals [@pgen.1004156-Jo1] for the 247 genes whose expression linked to *npr-1*. Then, we compared the effect of the altered *npr-1* function to the effect observed in the starvation experiments ([Figure 6C](#pgen-1004156-g006){ref-type="fig"}). We observed positive correlations between the gene expression effects from altered *npr-1* function and the effects of starvation on the Bristol strain. The regression slope was 0.76 (rho = 0.61), indicating a strong positive relationship and suggesting that at least some of the gene expression differences observed between strains with the laboratory-version of *npr-1* and strains with the natural allele of *npr-1* could be explained by reduced food availability. Starvation is known to alter pharyngeal pumping rate [@pgen.1004156-Avery1], [@pgen.1004156-Luedtke1] with starved animals pumping more once bacterial food is encountered again. We observed that the Hawaii strain pumps significantly more (*p* = 2E-16) than than Bristol strain ([Figure 7A](#pgen-1004156-g007){ref-type="fig"}). This difference suggests that the Hawaii strain is underfed. To test how much the Hawaii strain eats when aggregated, we fed both the Bristol and Hawaii strains an *E. coli* bacterial food source expressing GFP. Using the COPAS Biosort, we measured the amount of green fluorescence per unit length inside each animal in the culture. Even though the Hawaii strain pumps more, the strain consumes less food than the Bristol strain ([Figure 7B](#pgen-1004156-g007){ref-type="fig"}), likely caused by increased competition for food inside aggregates.

![Bacterial food consumption differs between the Bristol and Hawaii strains.\
**(A)** Average pharynx pumps per minute for Bristol (orange) and Hawaii (blue) are shown and are significantly different by Tukey\'s HSD test (*p* = 2E-16). (**B**) Both the Bristol and Hawaii strain were fed *E. coli* bacteria expressing GFP (HB101-GFP) for two hours. The statistical density of green fluorescence normalized by length is shown for Hawaii (blue) and Bristol (orange).](pgen.1004156.g007){#pgen-1004156-g007}

Discussion {#s3}
==========

We used linkage mapping to identify QTL that control differences in lifetime fecundity, adult body size, susceptibility to the human pathogen *S. aureus*, as well as expression of hundreds of genes between the Bristol laboratory strain (N2) and a Hawaii wild strain (CB4856). Taking advantage of reciprocal NILs and two loss-of-function alleles, we identified the neuropeptide receptor gene *npr-1* as the quantitative trait gene underlying a QTL shared by all of these traits. Additionally, we showed that these large phenotypic effects are caused by variation in aggregation and feeding behaviors found between the Bristol and Hawaii strains mediated by *npr-1*.

The laboratory-derived variant of NPR-1 found in the Bristol strain is abnormally sensitive to an additional neuropeptide [@pgen.1004156-Rogers1], creating a constitutively activated neural circuit through the RMG interneuron [@pgen.1004156-Macosko1]. This hyperactive circuit causes Bristol animals to avoid each other and the edges of the bacterial lawn when consuming food. By contrast, the Hawaii strain aggregates at the edge of the bacterial lawn. The increased density of animals in an aggregate at the edge of the bacterial lawn may cause animals to deplete food faster than if they were spread across the bacterial lawn. Such local food depletion can cause physiological responses to decreased food [@pgen.1004156-Seidel3], [@pgen.1004156-Hubbard1], [@pgen.1004156-Dalf1], which can decrease fecundity and growth rate. We showed that the Hawaii strain consumes less food even though the strain has high pharyngeal pumping activity than the Bristol strain. These results suggest that the natural strains of *C. elegans* including the Hawaii strain (CB4856) are chronically underfed when reared in standard laboratory conditions. In support of this hypothesis, we observed a significant correlation between gene expression changes during starvation and those observed in strains with the Hawaii version of *npr-1* on an abundant food source. Moreover, the genes that change expression as a result of *npr-1* variation are enriched for neuropeptide signaling and growth. It is likely that animals in large aggregates locally deplete bacterial food at a faster rate than solitary animals, enter a physiological state similar to weak starvation, and decrease offspring production and growth rates to adapt to the decreased availability of food. Once the animals encounter a larger supply of food, growth and offspring production resume. Alternatively, it is possible that animals in large aggregates have reduced growth and offspring production because they experience higher local pheromone levels, indicating more competition from peers. We must perturb the putative pheromone receptor that controls growth and offspring production to make this functional connect. Thus far, we can not differentiate these alternative hypotheses. Regardless, the laboratory variant of *npr-1* has large and diverse pleiotropic effects on the growth and physiology of the animal because it fundamentally alters behavior. These results illustrate how behavioral changes can translate to broad physiological effects, and provide a case study of the molecular and physiological mechanisms that underlie pleiotropy.

The highly pleiotropic laboratory allele of *npr-1* affects growth and physiology of the Bristol strain long used by most *C. elegans* research laboratories. Given these large effects, it is not difficult to hypothesize how this particular allele was selected in the laboratory. Compared to wild *C. elegans* strains, the dispersal behavior of the Bristol laboratory strain makes it easier to select solitary individuals for maintenance or genetic crosses [@pgen.1004156-McGrath1]. Others found that this strain is well adapted in a continuous food environment found in a research setting [@pgen.1004156-GloriaSoria1]. Additionally, we found that the Bristol strain has an increase in lifetime fecundity and enhanced survival after exposure to pathogens when grown under laboratory conditions. Lab-derived alleles of large-effect have also been observed in the standard laboratory strains of other common model organisms. For instance, in *S. cerevisiae*, loss-of-function mutations in *AMN1* [@pgen.1004156-Yvert1] and *FLO8* [@pgen.1004156-Brem1] reduce two aggregation phenotypes---clumping and flocculation---and make S288C and related strains much easier to use in a laboratory setting. Similarly, the commonly used *A. thaliana* accession, Landsberg erecta, has EMS-derived mutations in the gene *ERECTA* [@pgen.1004156-Torii1], which enables the plants to grow more robustly in laboratory incubators [@pgen.1004156-vanZanten1]. In both of these organisms, just like in *C. elegans*, mapping studies employing recombinant inbred line panels that include these laboratory strains often find these derived alleles as major-effect QTL.

The Bristol strain has other laboratory-derived alleles with large phenotypic effects on the animal, including variants that alter oxygen and carbon dioxide avoidance [@pgen.1004156-McGrath1] and fecundity [@pgen.1004156-Duveau1], as well as many predicted functional variants [@pgen.1004156-Weber1], [@pgen.1004156-McGrath2]. The large effects of these alleles in crosses using laboratory-derived strains could obscure the more modest phenotypic effects of natural alleles [@pgen.1004156-Rockman4] and hinder their detection. Therefore, studies aimed at understanding natural genetic variation in *C. elegans* need to complement recombinant inbred line panels involving the Bristol strain with new panels derived from crosses using wild isolates. Additionally, it is important to devise assays of physiological traits that are not confounded by the effects of feeding behavior as observed on agar plates with a lawn of ample bacterial food. Because the standard Bristol strain has an abnormally active RMG neural circuit caused by high NPR-1 activity, behaviors observed in this strain may be idiosyncratic and not shared by wild strains, making the results of many behavioral studies harder to interpret in an evolutionary context.

Materials and Methods {#s4}
=====================

Strains {#s4a}
-------

Animals were cultured at 20°C with the bacterial strain OP50 on modified nematode growth medium (NGM), containing 1% agar and 0.7% agarose to prevent burrowing of the Hawaii strain and *npr-1* loss-of-function strains. For each assay, strains were grown at ambient atmospheric conditions (*i.e.* 21% oxygen) for at least five generations with no strain entering starvation or encountering dauer-inducing conditions. To investigate the causality of *npr-1* in our traits, we used two putative null alleles of *npr-1*: *ky13*, which has a C-to-T transition that introduces a stop codon after the first transmembrane domain; and *ad609*, which has two missense mutations - a threonine-to-isoleucine change in transmembrane domain two and a threonine-to-alanine change in transmembrane domain four [@pgen.1004156-deBono1].

Quantitative phenotyping {#s4b}
------------------------

### Lifetime fecundity assays {#s4b1}

A modified NGM recipe with 2% agarose substituted for agar was used for all fecundity assays. Without this substitution, the Hawaii strain, RIAILs with the Hawaii version of *npr-1*, and *npr-1* loss-of-function strains burrow readily and fecundity is difficult to measure accurately. 100 µL of overnight OP50 culture was spotted on each plate and dried in a laminar flow hood. For each genotype, single L4 larval stage hermaphrodites were picked to each of six plates. Plates were kept at 20°C for the duration of the assay. For each assay plate, the original adult hermaphrodite parent was picked to a fresh plate after 48 and 96 hours. The total offspring from each of these three plates was counted manually. Most strains had very few offspring after 96 hours. For population density experiments, assays were prepared and measured as described above, except animals were picked from 10 cm plates where population densities were defined to be 125, 1500, or 4000 animals per plate.

### Adult body size assays {#s4b2}

25--30 L4 hermaphrodites from each strain were picked to both of two 10 cm modified NGM agar plates. Strains were grown for four to five days and bleached to collect a approximately synchronous embryo population. Embryos were hatched for 15--24 hours at 20°C on a roller drum at a density of one embryo/µL in a total of 2 mL S medium. The hatched and arrested L1 larvae were plated onto three 10 cm plates at a density of 1500 animals/plate. Strains were grown for 72 hours at 20°C. Most of the animals were day-one adults when length and optical density was assessed using a COPAS Biosort (Union Biometrica). All objects smaller than 100 µm or 100 extinction units were removed from the analysis. Most of these objects were next generation L1 animals. Custom R scripts processed the data to obtain mean and median length and optical density values. Because the mean length was more heritable than any other measure, we used mean length for all future size calculations. Population density experiments were prepared and measured as described above, except a defined number of L1 larvae (125, 1500, or 4000) were plated per 10 cm modified NGM agar plate. The plates with 4000 animals were checked regularly and moved to fresh 10 cm plates if food became limiting.

### *Staphylococcus aureus* survival assays {#s4b3}

*Staphylococcus aureus* assay plates were made of brain heart infusion (BHI) agar (Gibco \#211065) supplemented with Bactoagar (Gibco \#214010) to a final agar concentration of 1.7%. The autoclaved agar was supplemented with nalidixic acid to a final concentration of 10 µg/mL and poured into 3.5 cm petri plates. *S. aureus* strain NCTC8325 was grown for 24 hours in BHI liquid media with nalidixic acid. Subsequently, 10 µL of bacterial suspension was spread onto the surface of the assay plates and grown at 37°C for 24 hours. After growth at 37°C, assay plates were kept at room temperature for no more than 24 hours at which point 30 L4 stage animals were added to each assay plate. The plates were incubated at 25°C and the fraction dead was scored every 12 hours from 0 to 48 hours. The LT50 was determined by fitting an exponential decay formula used previously [@pgen.1004156-Reddy1].

### Pharyngeal pumping assays {#s4b4}

The pharynges of ten adult animals (24 hours after the fourth larval stage) were observed for one minute each in three separate trials. Animals were reared at 1500--2000 animals per 10 cm plate before each assay. Data were tabulated and analyzed using R.

### Feeding rates {#s4b5}

Animals were reared at high density (as before) on plates seeded with OP50. After washing off those plates, animals were plated onto our modified NGM plates seeded with HB101 expressing GFP at 2000 animals per plate. At this density, animals clumped within five minutes of plating. Two hours after plating out day-one adults, animals were washed off and assayed for green fluorescence using the COPAS Biosort. Green fluorescence was normalized by animal length (TOF parameter).

Quantitative trait mapping {#s4c}
--------------------------

Sets of advanced intercross recombinant inbred lines (RIAILs) from a cross between the Bristol (N2) and Hawaii (CB4856) strain were phenotyped as described above. The phenotype data and RIAIL genotype data [@pgen.1004156-Rockman2] were entered into the R/qtl package [@pgen.1004156-Broman1]. In most cases, the phenotypes of the RIAILs were approximately normally distributed. QTL were detected using interval mapping [@pgen.1004156-Lander1]. The 5% genome-wide significance threshold was calculated based on 500 permutations of the phenotype data [@pgen.1004156-Doerge1]. The marker with the highest LOD score was used as a covariate to identify additional QTL until no more significant QTL were detected. QTL model fitting and covariate analysis used normal models with the Haley-Knott estimator [@pgen.1004156-Haley1]. The fits were used to estimate the total phenotypic variance explained by each QTL. Broad-sense heritability was calculated as the fraction of phenotypic variance explained by strain from fit of a linear mixed-model of repeat phenotypic measures of the parents and RIAILs [@pgen.1004156-Bloom1]. The total variance explained by each QTL was divided by the broad-sense heritability to determine how much of the heritability is explained by each QTL. Confidence intervals were defined as the regions contained within a 1.5 LOD drop from the maximum LOD score. 73, 145, and 109 RIAILs were scored for lifetime fecundity, adult body size, and susceptibility to *S. aureus*, respectively.

*npr-1* causality experiments {#s4d}
-----------------------------

Causality experiments compared phenotypes of six strains: the two parents (Bristol and Hawaii), the two NILs (*qgIR1* and *kyIR9*), and the two loss-of-function alleles (*npr-1(ad609)* and *npr-1(ky13)*). The significance from every pairwise comparison was calculated using Tukey\'s Honest Significant Difference (HSD) test.

Gene expression assays and quantitative trait mapping {#s4e}
-----------------------------------------------------

Expression data were corrected for dye effects using a linear model and phenotypic residuals were used for downstream analysis. Probes with polymorphisms were removed. We tested for linkage by calculating LOD scores for each genotypic marker and each trait as -n(ln(1-R∧2)/2ln(10)) where R is the Pearson correlation coefficient between the RIAIL genotypes at the marker and RIAIL trait values, as calculated in [@pgen.1004156-Bloom1]. To estimate significance empirically, assignment of phenotype to each RIAIL was randomly permuted 1000 times while maintaining the correlation structure among phenotypes [@pgen.1004156-Brem2]. The maximum LOD score for each chromosome and trait was retained. The FDR was calculated as the ratio of expected peaks to observed peaks across different LOD thresholds. Genetic markers corresponding to QTL peaks which were significant at an FDR of 5% were added to a linear model for each trait. Trait-specific linear models that included the significant QTL genotypes as additive covariates were computed, and phenotypic residuals were estimated. Phenotypic residuals for each trait were then used for another round of QTL detection. This process of peak detection, calculation of empirical significance thresholds, and expansion of the linear model for each trait to include significant QTLs detected at each step was repeated three times. The LOD thresholds corresponding to a 5% FDR at each step were 3.8, 4.98, and 7.5. 2,447 QTL were detected by these analyses. Approximate 95% confidence intervals were determined using a drop of one LOD value. The confidence intervals of 247 QTL overlapped with the position of *npr-1* and have genomic positions further than 10 kb from the QTL peak ([Table S1](#pgen.1004156.s003){ref-type="supplementary-material"}).

RNA was collected and microarrays performed as described previously [@pgen.1004156-Rockman1] for the strains Bristol, Hawaii, *qgIR1*, *kyIR9*, *npr-1(ad609)*, and *npr-1(ky13)*. Microarrays were processed using the R package Limma [@pgen.1004156-Smyth1]. Non-uniform outliers and probes with signal well below background were removed. Median signals were background corrected. Within-array normalization was performed using the "loess" method. Between-array normalization was performed using the "Gquantile" method. Duplicate probes were averaged. Probes with SNPs between the Bristol and Hawaii strains were removed from the analysis. All microarray data are available through GEO (GSE49307).

For each of the 247 QTL identified previously, a linear model was fit per gene accounting for strain background and *npr-1* status (Bristol-like or Hawaii-like) as covariates. Loss-of-function strains were considered to have a Bristol genetic background and Hawaii-like *npr-1* status. Effect sizes were calculated as the multiple regression coefficient for *npr-1* status. The Spearman correlation was calculated comparing these regression coefficients to the differences in expression from the eQTL results.

For the comparison to starvation gene expression, we used the GEOquery R package to download Agilent microarray data from GSE15656 [@pgen.1004156-Jo1] and extracted the gene expression ratios of six-hour starved to well fed L4 larvae. These ratios were compared to the effect sizes of the genes with distant QTL overlapping *npr-1*. Because we compared a starvation experiment using L4 larvae to our experiment using adult worms, we also analyzed the correlation between gene expression ratios from well fed L4 larvae [@pgen.1004156-Capra1] and our effect sizes. This correlation was much lower (rho = 0.22).

Gene ontology class enrichment {#s4f}
------------------------------

Using ProfCom [@pgen.1004156-Antonov1], gene expression traits were analyzed for enrichment of GO terms. The following GO terms and reference numbers were significantly enriched: neuropeptide signaling pathway (0007218), transferring hexosyl groups (0016758), and metabolic process (0008152). The respective *p*-values were 5.47e-12, 2.89e-2, and 3.32e-2.

Oxygen concentration assays {#s4g}
---------------------------

Adult body size and lifetime fecundity were assessed as described above, except paired assays were prepared at 10% and 21% oxygen using a Coy hypoxia chamber with oxygen analyzer (Coy Laboratory Products, Grass Lake, MI). Oxygen was kept constant using a nitrogen gas source. The temperature inside the oxygen chamber was approximately 23.5°C, as opposed to 20°C in the incubator. For this reason, strains grow faster inside the oxygen chamber and paired comparisons for body size and fecundity to 21% oxygen were not appropriate. All statistical comparisons were performed within the oxygen growth conditions and not between. Given the differences in temperature and humidity between ambient and 10% oxygen, we did not assay susceptibility to *S. aureus* where assays are normally performed at 25°C.

Supporting Information {#s5}
======================

###### 

We observed that the Bristol strain (orange) is larger than the Hawaii strain (blue) at all-time points throughout *C. elegans* development, except for the zero hour arrested L1 time point. Size differences of L1 larvae are likely determined largely by maternal effects. In three independent assays, we observed examples of both the Bristol strain being smaller and larger than the Hawaii strain. For this reason, we indicated the uncertainty with an asterisk. The *p*-value for each comparison (Tukey\'s HSD) is shown above the boxplots for each time point.

(PDF)

###### 

Click here for additional data file.

###### 

An example survival curve of Bristol (orange) and Hawaii (blue) after exposure to the opportunistic human pathogen *S. aureus*. The dotted line denotes when half of the population was alive or dead.

(PDF)

###### 

Click here for additional data file.

###### 

Data for all 247 gene expression traits are listed.

(XLS)

###### 

Click here for additional data file.
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